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It is commonly accepted that shear waves do not propagate in a liquid medium. The shear wave 
energy is supposed to dissipate nearly instantaneously. This statement originates from the difficulty 
to access “static” shear stress in macroscopic liquids. In this paper, we take a different approach. We 
focus on the stability of the thermal equilibrium while the liquid (glycerol) is submitted to a sudden 
shear strain at sub-millimetre scale. A thermal response of the deformed liquid is unveiled. The 
liquid exhibits simultaneous and opposite bands of about +0.04°C and -0.04°C temperature 
variations. The sudden thermal changes exclude the possibility of heat transfer and highlight the 
ability of the liquid to store the shear energy in non-uniform thermodynamic states. The thermal 
effects depend nearly linearly on the amplitude of the deformation supporting the hypothesis of a 
shear wave propagation (elastic correlations) extending up to several hundreds microns. This new 
physical effect can be explained in terms of the underlying phonon physics of confined liquids, 
which unveils a hidden solid-like response with many similarities to glassy systems. 
Mechanical studies focus on the response of a 
sample to external forces and deformations. In 
stress relaxation measurements, the sample is 
submitted to nearly instant deformation, either in 
elongation or in shear geometry. The stress 
relaxation is used to understand the underlying 
mechanisms of different materials to an external 
mechanical field. This traditional protocol is 
usually applied to solids or viscoelastic solid 
materials, like metals, glassy polymers [1, 2], or 
liquid crystals [3]. For metals and polymers, a 
linear relationship “between inflexion slope of 
stress – log time curves and total decrease in 
stress” [1] was found. Simulations showed that 
the stress relaxation is similar in metals and 
polymers [4]. For smectic liquid crystals, 
relaxation times of ~ 50ms were measured and 
residual stress was identified [3]. For liquids with 
short molecular relaxation times (e.g. Glycerol =  
10-9s [5,6]), the shear stress is expected to 
dissipate nearly instantly for frequency lower 
than MHz or GHz excitations, making 
mechanically induced stress relaxation studies 
hypothetically irrelevant.  
In this paper, we probe the response at room 
temperature of liquid glycerol to a constant 
mechanical shear strain by applying a step strain 
function at the sub-millimeter (100μm-250μm). 
In contrast with conventional stress relaxation 
measurements, that are believed to be irrelevant 
for molecular liquids, the main emphasis is given 
to the thermal response to mechanical 
deformation. The thermal radiation is a probe of 
the local dynamics (rotational and vibrational 
motions of molecules). At room temperature, the 
thermal radiation emits in mid-infrared 
wavelengths (7-14μm, ~30 THz) [7]. It is 
connected to the temperature using well-
established thermal radiation laws (Stefan-
Boltzmann law). We evidence the emergence of 
hot and cold non-uniform temperature bands in 
the liquid glycerol upon applying a step strain 
field. These strain induced thermodynamic 
regions are the non-ambiguous proof that the 
shear energy can be stored thermally in the liquid, 
leading to new solutions of its total free energy.  
Glycerol (99% purity) was used for the 
measurements at room temperature (~22°C), far 
away from any critical point (e.g. for glass 
transition, Tg=-93°C). The glycerol is a much-
studied liquid due its extremely wide range of 
uses and its biocompatibility. This glass former 
exhibits at room temperature a viscosity about a 
hundred times higher than liquid water (glycerol = 
1.41 Pa.s).  
The liquid is set in the gap between α-alumina 
surfaces to ensure a high wetting of the liquid on 
the fixture (plate-plate disks of 40mm of 
diameter). The gap thickness varies from 100μm 
to 250μm. The shear strain is defined as γ=δl/e, 
where δl is the displacement and e the gap 
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thickness. The deformation (step strain) is an 
almost Heaviside function H(t), where 𝐻(𝑡) =
{
0,   𝑡 < 0
𝛾,   𝑡 > 0
 (Fig.1b inset). The strain value ranges 
from 20% to 9500%, depending on the gap 
thickness (using a strain-controlled mechanical 
device (TA-ARESII)). The duration of the 
applied strain varies from 5s to 60s.  
A bolometric detector of 382 x 288 pixels is used 
to detect thermal radiation emitted from the 
liquid. The experimental configuration provides 
information about the thermal state of the liquid 
along the whole gap thickness. The infra-red 
sensor was placed 50mm away from the edge of 
the plate-liquid-plate, ensuring non-contact 
measurements. The depth of thermal field was 
experimentally estimated in the glycerol at 
0.85mm. The infra-red sensor captures two-
dimensional thermal images with a frame rate of 
27 Hz. The images were corrected by subtraction 
of the median value recorded during equilibrium.  
Fig.1 describes the real-time thermal radiation 
emitted at room temperature by the glycerol at 
rest (t < tap) and upon a step (shear) strain ramp (t 
≥ tap). The colour mapping highlights the 
temperature variation from the thermal 
equilibrium (prior the measurement).
   
 
 
 
 
 
 
 
 
 
 
 
Figure 1: a) Real-time thermal mapping showing that the liquid glycerol emits a transient thermal signal by applying a step 
strain mechanical stimulus (shear step strain γ=9500% applied at tap and removed at trem (trem - tap=20s), room temperature 
measurements). X-axis is the time; z-axis is along the gap thickness (100µm). The colour index indicates the temperature 
variation with respect to the thermal equilibrium (at t < tap). b) Graphical representation of Fig.1a. Top (hot) band:, bottom 
(cold) band: . Inset: Step strain function (real data). c) Temperature variation profile along the gap (z-axis) at t=tap+Δt, 
averaged over three successive frames (ttot=0.11s) just after tap. The insert schemes the velocity gradient viewed from the middle 
of the gap. d) Average temperature variation integrated over the whole gap versus time during the experiment (data of Fig.1a). 
   Prior the experiment (Fig.1a at t < tap), the liquid 
is in a stable equilibrium state for a long time (> 
5-10 min). At tap, when the step shear strain 
(Heaviside function) is applied, an instant 
variation of temperature is observed. Two bands 
of opposite temperature are immediately created 
along the strain direction, disrupting the initial 
temperature stability of the liquid. The sudden 
split of the liquid in two opposite temperature 
variation regions, is followed by a slow thermal 
relaxation. The symmetry between the cold and 
the hot regions indicates that a thermal 
compensation between the two generated bands 
takes place simultaneously. The maximum 
temperature variation of the top (hot band) is + 
0.04  0.01°C, while for the bottom (cold) band 
is - 0.04  0.01°C (Fig.1b). The cold band is 
located next to the moving plate, the source of the 
shear strain, while the hot band is created above 
the cold one. At trem (Fig.1b), the applied shear 
strain is removed by moving the mobile surface 
to its initial equilibrium position (“backward” 
displacement). The backward motion generates a 
new thermal response in reaction to the 
displacement. This one is characterized by an 
100µm 
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amplitude half of the initial thermal response 
(“forward” displacement). The weaker thermal 
response could be attributed to non-apparent non-
equilibrium conditions, where possibly created 
liquid-liquid interfaces reduce the transmission of 
stress, and hence the energy in the medium.  
   We now focus on the first part of the thermal 
liquid response (tap < t < trem). Fig.1c shows the 
profile of the temperature variation along the gap 
at the early instants of the step strain. The profile 
indicates that the hot and the cold bands are not 
two independent regions but follow a smooth 
temperature profile. Hot and cold bands are thus 
two sides of the same thermal effect. The middle 
of the gap corresponds to the temperature at rest 
(equilibrium temperature). Such profile might be 
related to the velocity gradient profile assuming 
the symmetry of shear strain geometry (inset of 
Fig.1c). 
   The study of the overall average temperature in 
the liquid gap is also instructive; the variation 
does not exceed T = 0.01°C along the whole step 
strain relaxation (Fig.1d). This value is within the 
error bar meaning that no heat exchange took 
place between the liquid and the environment.  
Figure 2: Modelling of the thermal response of the hot (top) 
band of glycerol at 0.100mm, 9500%. Green and blue lines 
represent the fits with Eqs. (1) and (3) respectively Inset: 
Detail and fit of the early times (left of the dotted line) of the 
thermal overshoot (green line). 
   Fig.2 details the evolution and the modelling of 
the thermal profile of the hot band (symmetrical 
evolution is observed for the cold one).The time 
to reach the maximum temperature variation is 
0.19s (Fig. 2). The time of the ramp of the step 
strain (time needed for the strain to establish) is 
0.03s; as a result, during a time estimated of 
0.16s, the liquid stores the shear energy as 
potential (internal) energy in the liquid. This 
potential energy manifests as changes of 
macroscopic properties, such as the temperature. 
The duration of the ramp is the same regardless of 
the strain value, thus increasing the strain in each 
measurement is equivalent to increasing the shear 
rate (energy rate transferred to the liquid). 
The insert of Fig.2 focuses on the early times of 
the thermal response of the hot (top) band, during 
the step strain (red circles). The temperature 
increases rapidly as the step strain is applied (left 
of dotted line), then it decreases rapidly creating 
an overshoot, followed by a small oscillation 
(second overshoot). The short time thermal 
response can be described by a second order 
transfer function Hnf(s) = 
H0[ω0
2/(s2+2ζω0s+ω0
2)], where ω0 is the natural 
frequency, ζ is the damping ratio, s, a variable in 
the Laplace domain and H0 the system gain. The 
mathematical solution is written as [8]: 
𝛥𝑇𝑓𝑖𝑡  (𝑡) = 𝐴[1 −
𝑒−𝜁𝜔𝑛𝑡
√1−𝜁2
cos(𝜔𝑛√1 − 𝜁2𝑡 − 𝜑)] (1), 
where A is a constant, φ is a phase shift and Tfit 
is the temperature variation based on the second 
order step response. Equation (1) is fitted to the 
initial thermal response (Fig.2 inset). From the 
fitting of Eq. (1), we get: ζ = 0.35 ± 0.02, while 
ωn = 8 ± 0.3 rad/s. It shows that the order of the 
natural frequency ωn is of the order of Hz; i.e. 
describing a collective thermal effect. The 
characteristic overshoot is noticeable at 0.3s 
(Fig.2 inset), as expected for the underdamped 
case (ζ < 1) [8]. The steady state value 
(asymptotic value at long timescale) is derived 
from the overshoot value, utilizing the equation:   
𝑂𝑣𝑒𝑟𝑠ℎ𝑜𝑜𝑡 𝑣𝑎𝑙𝑢𝑒
𝑆𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 𝑣𝑎𝑙𝑢𝑒
 = exp (−
−𝜁𝜋
√1−𝜁2
)        (2)  
[9]. The Eq. (2) foresees an asymptotic value 
Tt = 0.03°C.  Fig.2 shows that the thermal 
relaxation does not reach this value but returns to 
equilibrium.  
   The long time thermal relaxation to equilibrium 
(both cold and hot bands relax symmetrically) can 
be modelled by a stretched exponential decay 
ΔΤ=ΔΤmax.(e
-t/τ)β (3) (Fig.2 right of the dotted line) 
with the exponent estimated at β ≈0.8-0.85 and a 
relaxation time  dependent on the gap thickness 
and the strain value (Fig.3a). The relaxation time 
τ increases by decreasing the gap (for e = 250μm, 
  is about  0.3-0.5s, about 0.5-1.8s for 150μm < 
e < 200μm, and  ~ 2-5.5s for 100µm).  
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Figure 3: a) Relaxation time (s) of the top (hot) thermal 
band versus shear strain amplitude. Red, blue, green and 
yellow points correspond to 100μm, 150μm, 200μm and 
250μm gap thickness respectively. b) Amplitude of the 
thermal overshoot variation versus strain at different gap 
thicknesses. Warm band: 100μm: (●), 150μm: (■), 200μm: 
(♦) and 250μm: (▲). Cold band: 100μm: (●), 150μm: (■), 
200μm: (♦), 250μm: (▲). Room temperature measurements. 
    
   Hence, we have seen that the temperature 
profiles in the system behave asymptotically like   
     ∆𝑇(𝑡)~ exp(−𝜁𝜔𝑛𝑡) = exp(−𝑡/𝜏)        (4)                                               
where 𝜔𝑛 is a normal mode (eigenfrequency) of 
the system, and the second equality defines a 
characteristic relaxation time 𝜏 = (𝜁𝜔𝑛)
−1. 
According to this definition, the increase of 𝜏 
upon decreasing the thickness e could be 
explained with the decrease of damping 𝜁 upon 
decreasing e; i.e. an increase of rigidity in 
agreement with the observed increase of shear 
elasticity at small scales [10-15]. 
   It is well known that stretched exponential 
relaxation arises when there is a distribution of 
relaxation times in the system (e.g. from 
dynamical heterogeneity which is ubiquitous in 
glassy systems),  
    exp(−𝑡/𝜏)𝛽 ≈ ∫ 𝜌(𝜏) exp(−𝑡/𝜏) 𝑑𝜏
∞
0
    (5)                 
where 𝜌(𝜏) is a suitable distribution of relaxation 
times, which must satisfy few mathematical 
requirements [16]. Since τ in our system is related 
to the normal mode 𝜔𝑛 of the liquid system, the 
distribution 𝜌(𝜏) must be given by the 
distribution of vibrational normal modes in the 
liquid, 𝜌(𝜔𝑛), also known in condensed matter 
physics as the vibrational density of states 
(VDOS). Hence, upon using the VDOS of a 
glassy liquid in Eq. (5) we obtain [17-19] 
                ∆𝑇(𝑡)~exp(−𝑡/𝜏)𝛽 ≈
               ∫ 𝜌(𝜔𝑛) exp(−𝜁𝜔𝑛𝑡) 𝑑𝜔𝑛
∞
0
                (6)      
with 𝜏 = (𝜁𝜔𝑛)
−1. The validity of Equation (6) 
for the case of glycerol in the supercooled liquid 
state was numerically verified in Ref. [17]. It was 
shown that the boson peak (excess of vibrational 
modes over the Debye level ~ 𝜔𝑛
2 ) in the VDOS 
represents a crucial requirement for Eq. (6) to 
produce a stretched-exponential relaxation in the 
measured dielectric response of glycerol. 
Therefore, the experimentally observed stretched-
exponential profile in the current system may 
suggest the existence of low-energy transverse 
phonon modes of the kind that constitute the 
boson peak excess of low-energy modes in 
glasses. In turn, this directly hints to the existence 
of long-range shear elastic waves in the sub-
millimeter confined glycerol. 
   This picture based on the existence of 
underlying low-frequency shear modes akin to 
transverse phonons (the existence of which has 
been demonstrated also for simple liquids [20, 
21]) may also explain the emergence of the cold 
and the hot bands following the shear strain 
deformation.  The cold band is associated with 
regions where the fluid is locally expanded, 
whereas the hot band is associated with regions 
where the fluid is locally compressed. These 
regions are macroscopically large since they 
contain a huge number of molecules, hence it 
makes sense to define long-wavelength phonon 
modes that live in these regions. In the 
hot/compressed regions the volume V of the 
region gets reduced, whereas in the 
cold/expanded regions the volume V is enlarged. 
Let us recall the definition of the Grüneisen 
parameter:  𝛾 = −
𝑑 ln 𝜔𝑛
𝑑 ln 𝑉
 
   Since the Grüneisen parameter 𝛾 is normally 
positive for liquids [22], this relation gives (upon 
integration) that the phonon frequency 𝜔𝑛 
increases as the volume V decreases, whereas 𝜔 
decreases as the volume V increases. Since the 
vibrational frequency is related to temperature, 
via 𝑇 = ℎ𝜔𝑛/𝑘𝐵, it is clear that T  increases in the 
regions where V decreases (“compressed” 
regions), whereas T decreases in the regions 
where V increases (“expanded” regions), thus 
leading to a hot and a cold band for the 
compressed and the expanded regions, 
respectively. The same result can be obtained, by 
using the Anderson-Grüneisen relation [23]: 
𝛾 = −
𝑑 ln 𝑇
𝑑 ln 𝑉
 
which more directly leads to the same result and 
applies for isentropic processes, hence also for 
adiabatic processes since in our case the entropy 
production is small since the average temperature 
does not change appreciably (Fig.1d).  
  a)   b) 
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Fig.3b shows the influence of the strain amplitude 
on the temperature variation in the hot and the 
cool parts. The evolution is symmetrical (positive 
and negative temperature variations) and 
approximately of the same magnitude for each 
strain value. The amplitude of the temperature 
variation increases nearly linearly with increasing 
strain (Fig.3b). The strain dependence is little 
influenced by the thickness for the tested gap 
(within 100 - 250µm) indicating that the thermal 
variation is mainly a bulk property. The nearly 
linear strain-dependence of the thermal bands 
defines negative and positive thermo-mechanical 
constants. The constants relative to the 
temperature (ΔΤ/T)/γ are about shear ~ -0.15 10-4 
for the cold band and shear ~ + 0.12 10-4 for the 
hot band at T=300 K. These values indicate 
relative variation of temperature per (shear) 
stretching unit. The thermo-elastic constant of 
steelsheets is typically about elongational= (ΔΤ/T)/E 
 0.45 where E is the elongational strain [24]. The 
temperature variation is much higher in solids and 
is always positive in agreement with dissipative 
processes (moving defects). The liquid 
thermomechanical constants are about three 
decades lower indicating a much weaker energy 
mechanism that might be compatible with elastic 
intermolecular interactions [10-15].  
The above results demonstrate 
unexpected thermo-elastic effects in liquids 
which can only be explained in terms of the 
unsuspected ability of liquids to support low-
frequency shear waves. The experiments show 
that, upon a shear step deformation of large 
amplitude and at mesoscopic scale, a viscous 
liquid (glycerol) changes its thermodynamic 
state. The liquid loses its temperature 
homogeneity creating two major thermodynamic 
regions, where the temperature deviates 
symmetrically from the equilibrium one. These 
mechanically induced thermodynamic 
rearrangements imply an ability of the liquid to 
store the strain energy in its normal modes. Hot 
and cold thermal bands indicate that the liquid 
does not relax immediately: part of the shear 
energy is stored in the liquid, leading to the 
creation of local thermal bands. The temperature 
variations of the main two bands are of opposite 
values leading to an average thermal 
compensation and a global thermal invariance 
(adiabaticity). The early time thermal response 
(Fig.2 inset) described by a second-order 
response means indeed that there is an exchange 
of energy between two storages. One is the 
external shear strain and the others are viscous 
and elastic elements in the liquid. Equivalent 
systems are damped mechanical oscillators like 
electronic RLC circuit [8], hydro-mechanical or 
spring-mass-damper systems. After the 
overshoot, the liquid loses the gain from the step 
shear strain, though constant strain is maintained. 
This long time thermal relaxation shows a 
stretched exponential nature, similar to the 
dielectric α relaxation of glycerol near glass 
transition [17], elucidating a solid-like behaviour 
of the confined liquid glycerol. But, the timescale 
of the thermal relaxations is neither related to a 
slow relaxation heat transfer process nor to short 
molecular relaxation times. As the phenomenon 
is fast without heat transfer, the observed thermal 
effects (negative and positive temperature 
variations) are related to internal energy changes 
(adiabatic processes) which minimize the system 
free energy. This can be explained in terms of the 
local dilation/compression leading to local 
cooling/heating as a consequence of the 
relationship between temperature variation and 
volume variation established by the Grüneisen or 
Anderson-Grüneisen relation. In turn, the shear 
waves behave like phonons in solids and provide 
an explanation for the observed thermal bands 
(hot and cold in compressed and dilated regions 
respectively) in terms of the Grüneisen parameter 
relation, which is well known for phonons in 
solids, and relates local temperature variations to 
local volume variations as observed in the 
experiments. The formation of thermal bands is 
the proof that elastic shear waves propagate in 
liquids at the scale of hundreds microns. An 
elastic-like process achieved nearly without heat 
transfer is characteristic of adiabatic shear 
elasticity. The ability of liquids to support shear 
waves was already experimentally uncovered 
[10-15, 25] and theoretically suggested [20-21, 
26-28]. Here the identification of a mechanically 
induced thermal-response allows us to 
demonstrate the adiabatic character of the elastic 
response of liquids.  
These results suggest that the thermo-elastic 
response of liquids should be more systematically 
considered in order to achieve a deeper 
understanding of the liquid state. With confined 
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liquid systems gaining more and more relevance, 
from the micro (e.g. microfluidics) to even the 
nano (e.g. nanofluidics) scale, this effect may 
play a prominent role for the manipulation of 
liquids at the smallest scales in future research. 
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